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Cancer is life-threatening disease. Surgical removal of tumors is an important procedure in early tumor treat-
ment, and tumor imaging plays an important role in the treatment. Traditional tumor imaging often uses single-
factor imaging, in which an enzyme was introduced into cancer cells to turn on the fluorescence of probes. This
method, however, has disadvantages such as poor signal and strong interferences. We took advantage of the high
GSH content and high viscosity of tumor cells to develop a new type of probe so-called TPQ-G. The developed

TPQ-G probe relies on a cascade process. First, TPQ-G reacts with the highly expressed GSH in tumors to generate
the fluorescent substance TPQ-OH, which can then be used to sense the high viscosity of the tumors. As a result,
the fluorescence intensity was further enhanced, improving the effectiveness of the imaging.

1. Introduction

Cancer is a major disease that humans face [1]. With the develop-
ment of science and technology, researchers have explored a variety of
methods to treat cancer, such as surgery, chemotherapy, and radiation
therapy [2-4]. Among these methods, surgical treatment is still the
method of choice for the treatment of early or relatively early tumors
[5-7]. In the process of surgical removal of tumors, surgeons need to
distinguish between tumors and normal tissues based on the visual dif-
ference between them. The emergence of fluorescent-labeled tumor
technology has enabled clinicians to better distinguish diseased tissues
from normal tissues [8,9]. However, the existing fluorescent probes
have multiple shortcomings such as poor positioning effect and weak
luminous intensity, which have limited their application in
fluorescent-labeled tumor technology.

In order to better use fluorescence technology to distinguish tumor
cells from normal cells, it is crucial to use fluorescent probes that are
designed based on the difference between cancer cells and normal cells.
Cells are composed of nucleus, cytoplasm, and cell membrane. Animal
cytoplasm contains not only mitochondria, Golgi bodies, ribosomes and
lysosomes, but also a variety of amino acids, proteins, ATP and other
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substances that are essential for life [10]. Cells have specific microen-
vironments such as specific sets of temperature, viscosity, polarity, and
pH. Compared with normal cells, cancer cells tend to have lower pH,
higher viscosity and biothiol concentration (mainly glutathione (GSH)),
as well as higher contents of certain enzymes [11-14]. Thus, it is
possible to design fluorescent probes for cancer cell imaging based on
these characteristics. However, the design of traditional fluorescent
probes is usually based on a single factor. Li and team have developed a
new type of polydopamine carbon dots (PDA-CDs), which are
surface-modified with EpCAM antibody, for imaging of liver cancer cells
[15]. Zhan and colleagues have developed and used a new type of
organic small molecule fluorescent probe NBR-AP, of which the fluo-
rescence can be activated by the over-expressed tyrosinase, to image
melanoma [16]. Li and coworkers have developed a probe that can
simultaneously detect hydrogen peroxide and viscosity; and the two
fluorescent signals were used in fluorescence imaging of tumor-bearing
mice [17]. However, single-factor-based probes are often easily inter-
fered by interferences, thus are unable to effectively distinguish tumor
cells from normal cells in in vivo experiments. Some research groups
have also developed various new probes that can identify multiple fac-
tors for cancer cell imaging; nonetheless [18-21], these factors are often
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independent, thus have no superimposing effects on fluorescence im-
aging [22-28].

In response to this problem, we proposed a new design scheme. The
glutathione concentration and viscosity of breast cancer cells are much
higher than those of normal breast cells [29-31]. Based on these dif-
ferences, we designed a probe so-called TPQ-G to distinguish between
the two types of cells. This probe was designed based on biothiol (GSH,
cysteine (Cys) and homocysteine (Hcy)) and cell viscosity. The probe
TPQ-G is a novel organic small molecule probe that can be used to
distinguish breast cancer cells from human breast cells by a cascade
process (Fig. 1). When the probe is placed in a condition containing a
high concentration of biothiol, it interacts with the biothiol and release
fluorescent TPQ-OH, which then cause the fluorescence intensity to in-
crease. Additionally, when TPQ-OH is placed in a high-viscosity envi-
ronment, its fluorescence is further enhanced. Superimposition of the
two enhancements, the final fluorescence intensity of the probe can be
increased by a hundred folds.

2. Experimental section
2.1. Synthesis

The synthetic route of TPQ-G is shown in Fig. 2. The substance 1 was
synthesized by methods previously published in the literature [32].

2.1.1. Synthesis of TPQ-OH

One hundred and forty milligrams of substance 1 and 100 mg of 8-
hydroxyjulolidine-9-carboxaldehyde were dissolved in 20 mL of abso-
lute ethanol. Subsequently, 50 pL of anhydrous piperidine was added
and allowed to react at 50 °C for 7 h. The mixture was cooled down to
room temperature, and 20 mL of cold water was slowly added to it. The
mixture was then extracted with dichloromethane, and the organic layer
was dried with anhydrous magnesium sulfate. After that, the solution
was filtered, evaporated, and then concentrated. The crude product was
purified by column chromatography using a silica gel column (Vp;.
chloromethane: ViMethanol = 10:1). 'H NMR (500 MHz, Methanol-ds) 'H
NMR (500 MHz, Methanol-d4) 6 8.28 (d, J = 15.4 Hz, 1 H), 7.98 (d, J =
7.9Hz,1H),7.83(d,J=8.4Hz,1 H),7.69(t,J="7.7 Hz,1 H), 7.56 (t,J
= 7.7 Hz, 1 H), 7.40 (s, 1 H), 7.30 (d, J = 14.7 Hz, 1 H), 4.07 (s, 3 H),
3.41 (dt, J = 14.9, 5.7 Hz, 4 H), 2.75 (t, J = 6.4 Hz, 2 H), 2.67 (t, 2 H),
1.98 (s, 4 H). 13C NMR (151 MHz, DMSO-dg) & 170.10, 156.69, 150.33,
144.93, 142.48, 128.90, 127.39, 126.88, 126.32, 123.89, 116.98,
115.34, 112.11, 106.80, 102.05, 50.42, 49.70, 35.14, 27.22, 21.57,
21.18, 20.56. MS (ESI, m/z) Calcd for [CooHa3sN20S]™: 363.1526, found:
363.3413 (Fig. S1, S3 and S5).

2.1.2. Synthesis of TPQ-G
TPQ-OH (20 mg) and 2,4-dinitrobenzenesulfonyl chloride (21 mg)
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were dissolved in 5 mL of anhydrous dichloromethane (Fig. 2). After
20 pL of triethylamine was added, the mixture was stirred at room
temperature for 8 h. After cooling down to room temperature, the
mixture was slowly added with 20 mL of cold water. The mixture was
extracted with dichloromethane, and the obtained organic layer was
dried with anhydrous magnesium sulfate. Subsequently, the solution
was filtered, evaporated, and then concentrated. The crude product was
purified by column chromatography on a silica gel column (Vpjchioro-
methane’ ViMethanol = 10:1). 'H NMR (500 MHz, DMSO-dg) 5 9.16 (d, J =
2.2 Hz, 1 H), 8.63 — 8.53 (m, 1 H), 8.43 - 8.33 (m, 1 H), 8.23 (d, J =
8.0 Hz,1 H),8.12-8.04 (m, 1 H), 7.89 (s, 1 H), 7.79 (t, J=7.8 Hz, 1 H),
7.70 (t,J =7.7 Hz, 1 H), 7.58 - 7.46 (m, 2 H), 4.17 (s, 3 H), 3.41 (dt,J =
18.2,5.3 Hz, 4 H), 2.80 (t, J = 5.9 Hz, 2 H), 2.61 (t, 2 H), 2.00 - 1.77 (m,
4 H). '*C NMR (151 MHz, DMSO-de) 5 170.88, 151.78, 148.89, 148.46,
146.83, 142.40, 141.38, 133.54, 132.50, 129.50, 128.57, 128.09,
127.23, 127.05, 124.31, 122.10, 121.77, 116.43, 114.59, 113.31,
107.24, 50.11, 49.62, 36.01, 27.29, 22.63, 20.70, 20.09. MS (ESI, m/z)
Caled for [CogHasN407S2]: 593.1159, found: 593.4390 (Fig. S2, S4 and
S6).

2.2. General procedure for fluorescence measurements

A certain amount of TPQ-G was dissolved in DMSO to prepare a
1 mM stock solution. The solution was then divided into multiple 1 mL
portions. Each portion was placed in a centrifuge tube, which was then
stored in a refrigerator at — 40 °C until subsequent use. Different amino
acids (Cys, Hcy, GSH, Phe, Ser, Tyr, Trp, Lys, Pro, Gly, Arg, Met, Glu,
Leu, His, Thr, Val, Asp) and cations (Na*, AI**, Zn?", Fe**, Fe?t, cu®™)
were dissolved in water to prepare various solutions. After mixing
glycerin and water at different proportions to prepare a series of solu-
tions, the viscosity of the system was measured using a viscometer. TPQ-
G solution (10 pL) was mixed with a certain amount of PBS buffer
(10 mM, pH = 7.4), DMSO and the test substance in a 1-mL centrifuge
tube to prepare a solution containing a certain concentration of the test
substance (Vpps:Vpmso = 99:1, TPQ-G = 10 pM). Then, an ultraviolet-
visible spectrometer was employed to measure the absorption spec-
trum of the sample at a range of 300 — 900 nm; a fluorescence spec-
trometer was employed to measure the fluorescence spectrum under an
excitation wavelength (Aex= 560 nm).

3. Results and Discussion
3.1. Design of TPQ-OH and TPQ-G

We connected the fluorophore TPQ-OH with the recognition group
2,4-dinitrobenesene sulfonyl chloride in order to construct a new probe

TPQ-G. During the probe design, we considered that traditional probes
mostly use single factors to induce the fluorescence. Additionally, only a
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Fig. 1. Proposed sensing mechanism of TPQ-G.
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Fig. 2. Synthesis of TPQ-G.

few probes can respond to two factors, and these factors often have
parallel relationships. In our design, we used two factors in cells: the first
factor induced the initial fluorescence signal, and the second factor
further enhanced the signal. Cancer cells often have higher GSH con-
centrations and greater viscosity compared to normal cells. Therefore,
we designed a new type of probe TPQ-G that could first respond to
cellular GSH to generate TPQ-OH, and when presented in an environ-
ment with high viscosity, TPQ-OH had enhanced fluorescence intensity.
Based on these two steps, the fluorescence intensity of the second fluo-
rescence enhancement was hundred times higher than initial probe.

3.2. Spectral response of TPQ-G in the presence of GSH

First, we measured the changes in the UV-Vis spectra of TPQ-G in the
absence and presence of GSH. As shown by the black line in Fig. 3A, the
absorption peak of TPQ-G was located at 546 nm. After the addition of
GSH, the absorption peak was significantly red-shifted, and the intensity
of the absorption peaks at 572 nm was significantly increased. We then
explored the fluorescence spectra of TPQ-G before and after the addition

of GSH. As shown in Fig. 3B, after TPQ-G was excited by light at a
wavelength of 560 nm, the intensity of the emission spectrum was low.
After the addition of GSH to TPQ-G, the fluorescence intensity of the
solution was significantly enhanced, and the fluorescence emission band
at 613 nm became more obvious. Then, we performed a fluorescence
titration. The fluorescence spectrum of TPQ-G was recorded after the
addition of GSH at concentrations ranging from 0 to 18 pM. The results
showed that as the concentration of GSH increased, the intensity of the
emission band gradually increased. The fluorescence intensity became
stable when the probe reached its upper reaction limit at a GSH con-
centration of 12 pM. According to Fig. 3C, the probe had a good linear
relationship (R = 0.9955) with GSH concentrations of 0-5 pM. The limit
of detection (LOD) with respect to GSH of the probe was 0.019 pM (S/
N = 3) which is lower than that obtained for other fluorescent probes
(Table S1).

We further explored the change of fluorescence with viscosity of the
probe in the presence of GSH. As predicted, the fluorescence was further
enhanced as the viscosity increased. First, the UV-Vis spectra of TPQ-G
in GSH were measured in an environment with high and low viscosity.

Fig. 3. Absorption (A) and fluorescence
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As shown in Fig. 3A, at low viscosity, the probe exhibited an absorption
peak at 572 nm, whereas at high viscosity, the absorption peak was red-
shifted to 576 nm. We then studied the emission spectrum of TPQ-G in
the presence of GSH. The test temperature was controlled at 37 °C, and
the probe concentration was 10 pM. As shown in Fig. 3B, at low vis-
cosity, the fluorescence intensity was low, but when the viscosity was
increased, the fluorescence intensity increased significantly. The fluo-
rescence intensity of TPQ-G in the presence of GSH had a linear rela-
tionship with viscosity from 1.36 to 62.59 cp. The relationship could be
described by Forster-Hoffmann equation:

() = C + xlgn

where I is the emission fluorescence intensity, C is a constant, x is the
dye-dependent constant and 7 is the solvent viscosity. In our work, the
relationship between viscosity and fluorescence intensity could be
described as 1g(I19) = 2.47 + 0.421g(n) (R = 0.9879) (Fig. 3D). This
equation provides the basis that our probe has multiple functions.

3.3. Applicability and specificity of TPQ-G to biothiol

To ensure that the probe can be applied to wider research fields, we
further explored its performance. First, with the same solvent, the re-
action time was optimized. TPQ-G fluorescence is collected every min-
ute after GSH was added. As can be seen in Fig. S7, after 13 min, the
fluorescence was stabilized, indicating that the reaction has reached the
equilibrium. Therefore, in our subsequent experiments, the incubation
time was set at 15 min to ensure that the reaction was complete. The
stability of fluorescence of the probe is very important during the
detection of GSH and imaging of cells. As shown in Fig. S7, over a period
of 0.5 h, significant changes of fluorescence intensity were not observed
neither in TPQ-G nor TPQ-OH. This suggests that the probe has excellent
stability.

Next, the performance of the probe at different pH values was
explored. Fig. S8 shows the fluorescence intensity of the probe in the
presence of GSH measured at increasing pH (from pH = 2.3-11.5). The
data showed that upon the changes of pH, the intensity of the fluores-
cence emission peak at 613 nm became fluctuated. However, when the
probe was in an environment with pH values of 2.3-7.4, the intensity of
the fluorescence band at 613 nm gradually increased; however, when
the pH was further increased, the fluorescence intensity began to
gradually decrease. This shows that pH = 7.4 is a suitable pH for the
probe.

At the above pH and reaction time, we explored the specificity of the
probe. As shown in Fig. S9, 18 different amino acids (each at 10 pM)
commonly found in blood, 6 different cations (each at 10 pM), 3
different sulfides (each at 10 pM), and 4 different reactive oxygen spe-
cies (each at 5 pM) were added to TPQ-G (10 pM). Only the addition of
biothiol (GSH, Cys and Hcy) to TPQ-G caused a significant increase in
the fluorescence intensity. This indicates that the probe has high spec-
ificity to biothiol.

3.4. Theoretical calculations and reaction mechanism

First, we studied the product of a reaction between TPQ-OH and
GSH. The mass spectrum of the reaction between TPQ-G and GSH dis-
played in Fig. S10 showed a peak at a mass-to-charge ratio of 363.3369.
This peak corresponded to the mass-to-charge ratio of TPQ-OH. In HPLC
analysis of TPQ-G reacted with GSH (Fig. S11), TPQ-G exhibited a peak
at 3.97 min and TPQ-OH at 4.74 min. In the presence of a certain con-
centration of GSH, TPQ-G exhibited peaks both at 4.01 min and
4.71 min, which was approximate with the retention time of TPQ-G and
TPQ-OH. It is a proof that TPQ-OH was indeed produced as a result of the
reaction of TPQ-G and GSH.

To better describe the change of spectra before and after the addition
of GSH, we further carried out theoretical calculations. The frontier
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molecular orbitals and the energy level transitions of TPQ-G are shown
in Fig. 4 A. As illustrated, the first singlet transition of TPQ-G was
dominated by the HOMO—-LUMO+ 1 transition. This transition then
caused the quenching of TPQ-G fluorescence due to the transfer of an
electron from an excited donor to an electronic unit of the LUMO caused
by a process called ‘donor-excited photoinduced electron transfer’ (p-
PET). After the 2,4-dinitrobenesene sulfonyl group was removed, the -
PET process was diminished, and the fluorescence was then recovered.

To further shed light on the observed relationship between fluores-
cence enhancement and viscosity and to provide a reasonable explana-
tion to the relationship, molecular rotation simulation was performed
(Fig. 4B). At the ground state (Sp), the structure of TPQ-OH was nearly
planar. The HOMO and LUMO were located in the entire molecule and
had local excitation (LE) properties. For the S1 state, the fluorophore
underwent a transition from the initial LE state to the TICT state. For the
TPQ-OH in its 90° (or —90°)-twisted excited state, the HOMO was
located on the julolidine group, while the LUMO was located in the
benzothiazole group, causing the apparent charge separation. Conse-
quently, the TICT states of the rotors could inhibit the fluorescence
emission of TPQ-OH. To explain whether the TICT process of TPQ-OH is
spontaneous, the changes in the potential energy of the Sp and S; states
of TPQ-OH as a function of the dihedral angle 6 were calculated. As
shown in Fig. 4B, the occurrence of TICT states was spontaneous. This
result suggests that the enhancement of fluorescence intensities of TPQ-
OH in high viscosity medium is caused by the TICT process, which can
inhibit the rotation of the molecule.

3.5. Cytotoxicity and fluorescence imaging of cells

To show that the probe TPQ-G can be used in vivo, we studied its
cytotoxicity using the CCK8 assay (Fig. S12). The viability of MCF-10A
cells cultured separately with 10 uyM TPQ-G at 37 °C for 24 h was
about 80%. This indicates TPQ-G has low cytotoxicity.

3.6. Imaging of endogenous GSH in normal cells and cancer cells

First, we stained MDA-MB-231 cells (breast cancer cells) with TPQ-G,
and then observed the cells under a confocal microscope. The cells
produced strong red light under light at the defined excitation wave-
length (Fig. 5 A). Then, for another group of MDA-MB-231 cells, we first
used NEM to shield the original biothiol in the cells and then stained the
cells with TPQ-G. The observation showed that the cells did not exhibit
obvious fluorescence. In the third set of experiment, we used NEM to
shield the original biothiol in the cells, cultured the cells in GSH-
containing PBS, and then stained the cells with TPQ-G. We observed
that the cells exhibited obvious red fluorescence. Subsequently, we
employed the same procedure to stain MCF-10A cells (normal breast
cells) and obtained a similar outcome. However, as shown in Fig. 5B, we
found that for endogenous GSH, the fluorescence intensity of stained
cancer cells was much higher than that of normal cells. For the same
concentration of exogenous GSH, the fluorescence intensity of TPQ-G
stained cancer cells and normal cells was basically the same. Based on
these results, it is clear that the difference between GSH content in
cancer cells and that in normal cells leads to the obvious difference
between the fluorescence intensity of the two types of cells.

To study whether the viscosity of cells has an effect on the fluores-
cence enhancement of stained cells, we carried out a follow-up verifi-
cation experiment. We hypothesize that the probe TPQ-G should
generate TPQ-OH after interacting with GSH, and the fluorescence in-
tensity of TPQ-OH should increase as the viscosity increases. As shown
in Fig. 5 C, we used nystatin to induce apoptosis of MCF-10A cells, and at
the same time, we stained the cells with TPQ-OH. During cell apoptosis,
the viscosity of the cells gradually increased, and at the same time, we
observed that the fluorescence intensity significantly increased
(Fig. 5D).

It is known that the viscosity of cancer cells is higher than that of
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normal cells. This indicates that the increase of fluorescence intensity of
cancer cells after being stained with the probe TPQ-G is due to the
relatively high viscosity of the cancer cells, causing the probe to undergo
a cascade process after reacting with GSH during the first step. As a
result, we could observe that the fluorescence intensity was further
enhanced.

3.7. Colocalization of the probe

To better understand the behavior of the probe in cells, we explored
the localization of the probe in cells. As shown in Fig. 5E, we first stained
MDA-MB-231 cells with MitoTraker Green (mitochondrial green fluo-
rescent probe); and after washing with PBS, the cells were stained with
TPQ-G. The green and red fluorescence of cells had a high overlap ratio
(Pearson’s R value = 0.95). We also stained MDA-MB-231 cells with
LysoTraker Green (lysosomal green fluorescent probe), washed with
PBS, and then stained with TPQ-G. The overlap ratio of the green and red
fluorescence of cells was low (Pearson’s R value = 0.79). Finally, we
stained MDA-MB-231 cells with Hochest (blue fluorescent probe of nu-
cleus), washed with PBS, and then stained with TPQ-G. The results
showed that there was no overlap between the blue and red fluorescence
of cells (Pearson’s R value = 0). The above observations suggest that
TPQ-G is localized around the mitochondria of cells.

3.8. Ability of TPQ-G to distinguish between MDA-MB-231 and MCF-
10A cells

We attempted to distinguish between MCF-10A (normal cells) and
MDA-MB-231 (cancer cells) cells in a mixed culture using TPQ-G. As
shown in Fig. 5 F, MCF-10A and MDA-MB-231 were first mixed and
cultured in a cell culture dish. After washing with PBS, the first group of
cells was stained with TPQ-G (10 pM), while the second group was
stained with TPQ-OH (10 pM). After 15 min, the dye was removed and
an appropriate amount of PBS was added. The observation of the TPQ-G-
stained cells under a confocal microscope showed that about half of cells
were stained with TPQ-G, whereas the other half was unstained. For the
TPQ-OH-stained group, most cells in this group were stained. We spec-
ulated that for cells in the TPQ-G group, the stained cells (those that
generated fluorescence signal) were MDA-MB-231 cells, whereas the
unstained cells (those that did not generate fluorescence) were MCF-10A
cells.

To further verify our conjecture, we employed the same imaging
procedure to image mouse breast cancer 4T1-Luc cells (Fig. 5 G). The
4T1-Luc cells can generate green fluorescence, and we could use such
properties to easily distinguish these cells from normal cells. First, 4T1-
Luc cells and MCF-10A cells were co-cultured to prepare cells in the
experimental group and the control group. The cells in both groups were
then stained with TPQ-G (10 pM) or TPQ-OH (10 pM) using the same
method. For cells in the experimental group stained with TPQ-G, we
observed the overlap between the red and green fluorescence of the
cells; however, the cells in the upper left corner did not exhibit green
fluorescence nor red fluorescence. This shows that the probe TPQ-G only
stains cancer cells, not normal cells. In the control group, all the cells did
not exhibit green fluorescence, but exhibited red fluorescence. These
results indicate that TPQ-OH, which does not contain a recognition
group, is unable to distinguish between normal cells and cancer cells. On
the other hand, TPQ-G, which contains the recognition group and relies
on the difference between the GSH concentration and viscosity in cancer
cells and normal cells, could distinguish between cancer cells and
normal cells by generating strong red fluorescence.

3.9. Application of TPQ-G in in vivo tumor imaging

We finally applied the probe in in vivo tumor imaging. 4T1-Luc cells
were implanted in situ in mice. After 7 days, the tumors of mice grew to
the size of 150 mm?>. We then injected TPQ-G (100 uM in 50 pL of saline)
using a syringe into the skin near the tumor site of a mouse. As a control
group, we also injected the same dose of TPQ-G to the upper left side of
the tumor site. We then observed the mice using Davinch In vivo HR
imaging system (Davinch K, Korea). As shown in Fig. 5H, after the probe
solution was injected, the tumor site exhibited stronger fluorescence
compared with that of the non-tumor site. This shows that the probe has
good tumor imaging performance. We dissected a tumor-bearing mouse
and collected the heart, liver, spleen, kidney and tumor. The organs
were then stained with the probe before being subjected to fluorescence
imaging. As shown in Fig. 51, among various organs and tumors, tumors
were clearly stained and had the strongest fluorescence. This further
proves that the probe has a strong ability to recognize tumors.

4. Conclusion

In summary, we designed a new probe TPQ-G for tumor imaging. The
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developed probe had higher water solubility, larger Stokes shifts, higher
stability, and higher biocompatibility compared with traditional probes.
Our probe could effectively detect GSH and changes in viscosity, and
had good linearity in both types of detection. We successfully applied
the probe to quantitatively detect both GSH and viscosity. The TPQ-G
probe was also satisfactorily used in imaging of cancer cells; its
response signal was enhanced as a result of the cascade reaction process.
Finally, TPQ-G was used in in vivo tumer imaging with satisfactory re-
sults. This design method presented in this work may provide a new idea
for the design of other probes.
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